To establish a map relating visual field (VF) test points to corresponding areas of the retinal nerve fiber layer (RNFL) measured with optical coherence tomography (OCT) in patients with glaucomatous optic neuropathy. METHODS. One hundred four consecutive subjects with openangle glaucoma were prospectively selected. All subjects underwent standard automated perimetry (SAP) and imaging with OCT. Factor analyses of the mean thresholds for the SAP test points were performed, independently for each hemifield, to define regions of related points. Pearson correlations were then calculated between the VF regions and peripapillary RNFL thickness measured with OCT at each of the 12 clock-hour positions. A map relating the VF regions to the OCT sectors was plotted based on the strongest correlations between both techniques. RESULTS. Factor analysis distributed the VF points into five VF regions for each hemifield. A slightly asymmetric distribution of VF regions was obtained for the upper and lower points, with respect to the horizontal meridian. Mild to moderate correlations were observed between the VF regions and RNFL thickness. The superior VF regions and RNFL segments correlated most strongly at the 6-and 7-o'clock positions (r ϭ 0.4 -0.5). CONCLUSIONS. There was a moderate association between the VF regions and the RNFL thickness in patients with glaucomatous optic neuropathy, as measured by OCT. Within sectors of the RNFL, there was some overlap in the representation of the VF regions. The map obtained validates previously reported clinical findings and contributes to a better understanding of the relationship between structure and function in patients with glaucoma. (Invest Ophthalmol Vis Sci. 2008;49:3018 -3025) DOI:10.1167/iovs.08-1775 G laucoma is a progressive multifactorial optic neuropathy characterized by an acquired atrophy of the optic nerve due to the loss of retinal ganglion cells and their axons in the retina.
G laucoma is a progressive multifactorial optic neuropathy characterized by an acquired atrophy of the optic nerve due to the loss of retinal ganglion cells and their axons in the retina. 1, 2 Damage to the retinal nerve fiber layer (RNFL) is usually associated with corresponding visual field (VF) defects.
There is currently a lack of agreement as to whether functional or structural tests are the most sensitive for detecting early glaucomatous damage. Recent randomized clinical trials indicate that the first detectable glaucomatous change at early stages of the disease can be either functional or structural. [3] [4] [5] Thus, some have suggested that a combination of functional and structural tests will increase diagnostic sensitivity. 6, 7 Standard automated perimetry (SAP), particularly the 24-2 Swedish interactive threshold algorithm (SITA) standard strategy, 8, 9 has become the clinical standard for diagnoses and monitoring of patients with glaucoma. Objective structural imaging instruments have been standardized for the diagnosis and follow-up of patients with, or at risk of, glaucoma. 8 One of these tools is optical coherence tomography (OCT), which provides quantitative and reproducible measurements of the RNFL. 10 -16 The ability of OCT to detect RNFL changes in patients with glaucoma with VF loss has been widely validated. [17] [18] [19] [20] [21] [22] [23] It is not known, however, how well the RNFL changes correspond with functional deficits.
In previous studies, investigators have attempted to produce anatomic maps of the correspondence between peripapillary RNFL thickness distribution and equivalent areas measured in SAP. 24 -29 The most complete data set is based on RNFL monochromatic photographs, but because of the nonquantitative nature of the assessment of RNFL photographs, the method was based on transposing the RNFL defect distribution onto the VF; hence, no quantitative structure-function associations were measured. Therefore, the anatomic map must be validated in structure-function studies.
SAP and OCT provide quantitative measurements, and therefore an objective relationship can be established between the two techniques. The 24-2 SITA program of the Humphrey visual field perimeter (Humphrey Field Analyzer; Carl Zeiss Meditec, Dublin, CA) displays 26 threshold point values for each hemifield, and the optical coherence tomographer (Stratus OCT 3000; Carl Zeiss Meditec) assesses RNFL thickness as the distance between the vitreoretinal interface and the RNFL posterior boundary 30 -32 at the 12 clock-hour positions. This difference in the number of comparative variables and the results of previous studies 24 -29 suggests that clusters of points, or VF regions of related points, can be compared with the anatomic-equivalent RNFL thickness distribution, meaning that single VF points can be merged into regions comprising related points.
Factor analysis is a statistical data-reduction technique that is used to analyze interrelationships among a large number of variables and to explain these variables in terms of their common underlying dimensions or fewer unobserved variables called factors. 33 It is a useful statistical approach for condensing the information contained in several original variables into a smaller set of factors with a minimum loss of information. These groups of interrelated variables can then be correlated with other variables to determine how they are interrelated.
To our knowledge, this is the first study conducted to assess the topographic correspondence between VF regions and RNFL thickness in humans, based completely on objective and quantitative statistical analysis procedures. Determining this topographic correspondence may clarify the relationship be-tween structural and functional changes in open-angle glaucoma.
MATERIALS AND METHODS

Subjects and Measurement Protocol
The prospective study protocol was approved by the ethics committee of Miguel Servet University Hospital, and informed written consent was obtained from all participants. The design of the study adhered to the tenets of the Declaration of Helsinki for biomedical research.
From April 2007 to September 2007, a sample of 110 consecutive glaucoma patients was prospectively preselected from the Department of Ophthalmology of Miguel Servet University Hospital, Zaragoza, Spain. Eligible subjects had to have glaucomatous optic nerve head (ONH) morphology (for a definition, see below), regardless of intraocular pressure and SAP results. All participants had to meet the following inclusion criteria: best corrected visual acuity (BCVA) of 20/40 or better, refractive error within Ϯ5.00 D equivalent sphere and Ϯ2.00 D astigmatism, transparent ocular media (nuclear color/opalescence, cortical or posterior subcapsular lens opacity Ͻ1) according to the Lens Opacities Classification System III system, 34 open anterior chamber angle, and glaucomatous optic disc appearance. Subjects who had undergone intraocular surgery, had diabetes or other systemic diseases, or had a history of ocular or neurologic disease or current use of a medication that could affect visual field sensitivity were excluded.
Two of the preselected subjects did not provide informed consent, and four subjects did not complete all the required tests; all six of these subjects were excluded from further analysis. One hundred four eyes of Caucasian origin were included in the study. One eye of each subject was randomly chosen, unless only one eye met the inclusion criteria.
Participants underwent a full ophthalmic examination: clinical history, visual acuity, slit lamp biomicroscopy of the anterior segment, gonioscopy, Goldmann applanation tonometry, central corneal ultrasonic pachymetry (model DGH 500; DGH Technology, Exton, PA), and ophthalmoscopy of the posterior segment. Simultaneous stereophotographs of the optic disc were taken after mydriasis (0.5% tropicamide; Alcon Laboratories Inc., Fort Worth, TX), with a fundus camera (model CF-60UV; Canon Inc., Tokyo, Japan). Glaucomatous damage was defined as focal or diffuse neuroretinal rim narrowing with concentric enlargement of the optic cup, localized notching, or both. 35 The photographs were evaluated by two independent glaucoma specialists who were masked to the patients' identities and clinical histories. Any disagreement was resolved by consensus.
At least two reliable SAP tests were performed (model 750i; Humphrey Field analyzer; Carl Zeiss Meditec, Inc.) with the SITA Standard 24-2 program. Near addition was added to the subject's refractive correction. If fixation losses and false-positive or -negative rates were greater than 20%, the test was repeated. The last reliable perimetry test obtained was used in this study to minimize the learning effect. 36, 37 Abnormal SAP results were defined as a pattern SD significantly elevated beyond the 5% level and/or a Glaucoma Hemifield Test outside normal limits. The subjects completed the perimetry tests before undergoing any clinical examination or structural test. Each SAP test was performed on different days to avoid a fatigue effect.
The optical coherence tomograph (Stratus OCT 3000, software version 4.0.7; Carl Zeiss Meditec) was used to measure peripapillary RNFL thickness after pharmacologic mydriasis (0.5% tropicamide). OCT images were acquired by using the RNFL thickness 3.46-mm scanning protocol and were analyzed by using the RNFL thickness average (in both eyes) analysis protocol. Good-quality scans had to have focused images from the ocular fundus and a centered circular ring around the optic disc. Examinations with a signal-to-noise ratio Յ33 dB or Ͻ95% accepted A-scans were retaken (five cases, 5.2%). 31 The OCT variables included in this study were the RNFL thickness at each of the 12 clock-hour positions (with the 3-o'clock position as nasal, 6-o'clock as inferior, 9-o'clock as temporal, and 12-o'clock as superior, regardless of the side of the eye). To simplify the statistical analysis, the OCT measures were aligned according to the orientation of the right eye. Hence, in the left eyes, the 11-o'clock position was transformed to the 1-o'clock position, the 10-o'clock position to the 2-o'clock position, and so forth. Thus, the clock-hour 9 scan represented the temporal side in both eyes. All the ophthalmic examinations, perimetry tests, and the topographic analyses were performed within 1 month after the subject's date of enrollment in the study.
Statistical Analysis
All statistical analyses were calculated with commercial software (SPSS, ver. 15.0; SPSS Inc., Chicago, IL). We assumed that the upper and lower hemifields are anatomically separate, and therefore the statistical analyses were calculated for each hemifield separately. First, the Kolmogorov-Smirnov test was applied to check that the data were normally distributed. The second statistical analysis performed in the sample was a factor analysis that was intended to obtain groups of threshold-related points within the VF. Factor analysis is often used in data reduction to classify a small number of factors that explain most of the variance observed in a much larger number of manifest variables. It can be used to select a subset of variables from a larger set, based on which original variables have the highest correlations with the principal component factors. The variables should be quantitative, data should have a bivariate normal distribution for each pair of variables, and observations should be independent. Moreover, data for which Pearson correlation coefficients can be sensibly calculated are suitable for factor analysis. 38, 39 Factor analysis was calculated in an attempt to identify underlying variables or factors that explain the pattern of correlations within a set of observed variables. The factor analysis method used in this study was principal components analysis (the total variance in the data is considered), which searches for a linear combination of variables so that the maximum variance is extracted from the variables. It then removes this variance and seeks a second linear combination that explains the maximum proportion of the remaining variance, and so on. The sampling adequacy for factor analysis was checked by using the Kaiser-Meyer-Olkin (KMO) statistic, which predicts whether the data are likely to factor well. 38 A KMO Ͼ 0.60 is recommended for effective factor analysis.
The next step is a rotation of factors, which is a transformation of the principal factors or components to approximate a simple structure. The varimax rotation is the most common rotation option, and it was used in our statistical analysis. 38, 39 Varimax rotation is an orthogonal rotation of the factor axes to maximize the variance of the squared loadings of a factor on all the variables in the factor matrix. Each factor tends to have either large or small loadings of any particular variable. The rotated component matrix allows for each variable to be assigned to each factor.
Each of the mean threshold values at each point of the VF was numbered ( Fig. 1) and considered a variable for the factor analysis. We performed two independent-factor analyses. The first one included the points of the superior hemifield (points 1-26) and the second one included the points of the inferior hemifield (points 27-52). We fixed the maximum number of factors at six and the minimum total variance at 85%. The factor analyses determined five factors or VF regions for each hemifield, and assigned each of the 52 threshold points to the corresponding VF region.
Raw sensitivities measured at each test point are indicated in decibels, which are tenths of a log unit. The white stimulus presented by the perimeter varied in intensity over a range of 5.1 log units (51 dB) between 0.08 and 10,000 apostilbs (asb). A 0 dB value corresponds to the maximum brightness than the perimeter can produce (stimulus intensity of 10,000 asb), and 51 dB to the minimum stimulus intensity (0.08 asb). 40 For example, a point with 31-dB sensitivity means that the maximum 10,000-asb white stimulus had to be attenuated 31 dB or 3.1 log units (or a factor of 1258), to reach the threshold value of detection. As VF test points are on a logarithmic scale, the decibel levels in
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each location of the raw numeric plot were converted to a linear scale before averaging the data within each VF region (i.e., the arithmetic mean within a region was calculated). Pearson correlation coefficients were calculated between the mean RNFL thickness at each clock-hour position measured with the OCT and the average sensitivity (linear scale) within each VF region. The highest correlations between corresponding RNFL thickness and VF regions were used to plot a map to determine the structure-function relationship for both tests.
RESULTS
The study sample included 104 patients with glaucoma (mean age: 64.6 Ϯ 9.3 years; Table 1 ): 81 with primary open-angle glaucoma, 20 with pseudoexfoliative glaucoma, and 3 with pigmentary glaucoma; 97 of them had an abnormal SAP result, and 7 did not meet the abnormality criteria defined in the Methods section. Therefore, these criteria yielded a 93.2% sensitivity of SAP to detect glaucomatous optic discs. According to the Hodapp-Parrish-Anderson score, 41 the study included mainly patients with mild to moderate glaucoma (average mean deviation: Ϫ6.4 Ϯ 6.0 dB; pattern SD: 5.0 Ϯ 3.6 dB).
The Kolmogorov-Smirnov test confirmed that all variables analyzed in this study had a normal distribution. The KMO statistic was 0.927 for the factor analysis of the upper hemifield points and 0.919 for the factor analysis of the lower hemifield points. The cumulative total variance explained with the five factors was 86.7% and 86.4% for the upper and lower hemifield analyses, respectively.
For the superior hemifield, factor analysis revealed a rotated component matrix with five VF regions ( Table 2 ). Factor 1 comprised the following points: 1, 2, 5, 6, 7, 11, 12, 13, 14, 19, 20, and 21 (Fig. 2) ; factor 2 merged points 3, 4, 8, 9, and 10; factor 3 included points 15, 16, 17, 24, and 25; factor 4 was formed by points 18 and 26; and factor 5 comprised points 22 and 23.
The rotated component matrix for the inferior hemifield also had five VF regions ( According to the anatomic RNFL distribution of the bundles in the retina, [42] [43] [44] [45] [46] the mean thresholds of the points included in each factor or VF region were correlated with the mean RNFL thickness at the 12 clock-hour positions (Table 4) . Therefore, we correlated the lower OCT-measured RNFL thicknesses (3, 4, 5, 6, 7, 8 , and 9 clock-hour segments) with the superior VF regions, and the upper OCT-measured RNFL thicknesses (9, 10, 11, 12, 1, 2, and 3 clock-hour segments) with the inferior VF regions. The 6-and 7-o'clock segment thicknesses correlated the most (r ϭ 0.5) with the 1 and 3 VF regions of the superior hemifield. The inferior VF regions had weaker correlations with the upper RNFL thicknesses than those of the superior VF regions with the lower RNFL thicknesses. The weakest correlations were for the VF regions corresponding to the RNFL thickness at the 3 and 9 clock-hour positions (r ϭ 0.1-0.2).
Maps containing the related OCT sectors and VF regions are detailed in Figures 2 and 3 . Each RNFL sector measured with OCT had mild to moderate correlations with more than one VF 
DISCUSSION
Several studies have been conducted in an attempt to establish maps relating VF regions to sectors of the optic disc. 24 -29 The most complete map was reported by Garway-Heath et al. 28 They established the anatomic relationship between VF test points in the Humphrey SAP test grid and regions of the ONH relating to RNFL defects evaluated with monochromatic photographs. Although their study offers a sound approach, the nonquantitative method of RNFL photograph evaluation (and absence of related functional data) makes it necessary to validate the results with studies that actually measure visual function and relate visual function measurements to the RNFL thickness determined quantitatively.
Recently, other investigators 5,47,48 have used objective and highly reproducible techniques for RNFL measurement, such as OCT, 10 -16 to study the structure-function relationship in glaucoma. Harwerth et al. 47 investigated this association in rhesus monkeys and found that SAP sensitivity and RNFL thickness measured with the OCT are correlated measures of the underlying populations of retinal ganglion cells. Hood et al. 5, 48 developed a linear model to relate the loss in RNFL thickness measured with OCT to the loss in SAP sensitivity; they based their analysis on the Garway-Heath map, 28 and whereas there was a good fit between structure and function in glaucomatous VFs, in their model there was a very weak correlation between RNFL thickness and SAP sensitivity in healthy individuals. Although they concluded that SAP sensitivity in control subjects does not depend on RNFL thickness, the weak correlation may simply reflect the small range and imprecision of measurements among normal subjects. Several other studies 21,49 -52 have demonstrated good correlations between OCT-measured RNFL thickness and VF sensitivity in glaucoma, even in the early stages of the disease. Strouthidis et al. 53 have also demonstrated a high level of association between the strength of correlation between the sensitivity of pairs of VF points and their relative location in the peripheral retina and the relative proximity of their respective RNFL bundle locations at the ONH. Our study validates the results of these previous studies and also introduces a new map obtained completely from objective analyses. This map can be used as a reference for developing future studies of the structure-function relationship in glaucoma.
After the current definitions that glaucoma is an acquired optic neuropathy, 1,2 we took optic disc morphology into account to identify glaucomatous eyes. Intraocular pressure is considered a risk factor, and therefore eyes were selected for the study regardless of intraocular pressure. Also, because we were evaluating the relationship between SAP and OCT, we did not include abnormal SAP or OCT as a criterion for a diagnosis of glaucoma. Consequently, as we chose ONH appearance as the reference standard used to distinguish patients with the target condition (glaucoma) from those without it, the FIGURE 2. The relationship between the sectors, into which test points of the visual field were divided by the factor analysis, and the RNFL thickness, measured with OCT. The stronger the correlation between structure and function, the sharper the color in the 12 clockhour maps.
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maps obtained from this sample allow us to assess the structure-function relationship for glaucomatous optic neuropathy without introducing bias from preconceived structure-function relationships. 54 Based on the anatomic distribution of the RNFL bundles in the retina, [42] [43] [44] [45] [46] the superior hemifield areas are represented in the inferior RNFL bundles, and inferior hemifield areas are represented in the superior RNFL bundles; thus, the upper regions of the VF correlated with lower peripapillary RNFL thickness, and vice versa. We assumed that the degree of reduced visual sensitivity in a region of the VF was proportional to the amount of loss of ganglion cells in the corresponding area of the retina, [55] [56] [57] [58] and therefore to the RNFL thickness in that region. 47 Our results are consistent with those in previous studies, 24 -29 in which the distribution of the VF regions for the superior and inferior hemifields was reported to be asymmetric. Our findings were also in agreement regarding the poor representation of the temporal RNFL area (9 o'clock position) in the 24-2 Humphrey test. This area represents the papillomacular bundle in the neuroretinal rim at the ONH, which may be less sensitive for detecting early glaucomatous changes. 59 -61 The superior and inferior poles of the ONH may be more commonly affected at early stages of glaucoma. 17,18,51,59 -62 Thus, classically, the vertical cup-todisc ratio is one of the best clinical parameters for glaucoma diagnosis. 35, 63, 64 Neither the 4-nor the 9-o'clock positions correlated with any VF region. Identification of change in OCT RNFL measurements in the horizontal meridian is more difficult because changes are numerically smaller, the lower the normal RNFL thicknesses.
The strongest correlations between superior VF regions and RNFL segments were observed for the 6-and 7-o'clock segment thicknesses, which, according to the normal distribution of the RNFL bundles (ISNT rule), 17, 18, 51, 62 are the thicker segments. These clock-hour positions correlated better with the upper VF region number 1, where a cluster of depressed points is more likely to be found. The same is true of the inferior hemifield. Nevertheless, the VF sampling may introduce some bias. These segments, corresponding to the poles of the ONH, match with the best subserved VF areas. The VF regions corresponding to the vertical meridian of the ONH are more densely tested by the perimeter, and consequently the most easily recognized VF loss is more likely to relate to those RNFL bundles. There is also unequal sampling of the VF with respect to the peripapillary sectors. The arcuate regions (e.g., VF region 1) contained many more test points than other VF regions. The consequence is that the VF regions containing the higher number of tested points had greater signal averaging, and therefore, a greater signal-to-noise ratio. Hence, when these VF regions were correlated to the RNFL sectors, it resulted in stronger correlations.
The map derived from this study shows good agreement with other maps. 24, 25, 28 The differences between them arise from the differences in methods, samples, and statistical procedures used in the studies. With respect to the Garway-Heath map, 28 factor analysis generated 1 VF region more for each hemifield. As RNFL thickness measured with the OCT is divided into 12 clock-hour positions, we initially selected six possible factors to correlate with the 6 clock-hour positions of each hemifield. Statistical analysis determined that five factors was the optimal number for each hemifield.
There was not a one-to-one correspondence between RNFL sector and VF region. Within sectors of the RNFL, there was an overlap in the representation of VF regions. In general, most VF regions correlated well with various OCT segments, although every VF region had a segment in the peripapillary bundles, which had the best correlation. For the upper hemifield, the strongest correlations were observed between 6-o'clock segment thickness and VF region 1, 5-o'clock segment thickness and VF regions 2 and 4, and 7-o'clock segment thickness and VF regions 3 and 5. In the lower VF regions, the strongest correlations were found between the 11-o'clock segment thickness and VF regions 1, 3, 4 and 5 and the 2-o'clock segment thickness and VF region 2. However, the implication of the strongest correlation requires consideration. The RNFL sectors are not completely independent, so that if one sector is damaged, the likelihood of an adjacent sector's being damaged is greater than that of a sector farther away. Moreover, some of the RNFL sectors may have been more likely to be damaged, and/or have a greater range of measurements, than others. Therefore, the strongest correlations may be expected in RNFL sectors that are thickest in undamaged eyes and are thin in the glaucomatous eye. This fact may explain why the 11-o'clock sector maps to most of the VF regions in the lower hemifield.
Factor analysis has limitations. Some disadvantages are that factor analysis is only as good as the data allow and cannot identify causality. 65, 66 Factor analysis can classify factors with distant points within each hemifield. In our study, most VF regions obtained by factor analysis comprised contiguous points, although this statistical test does not necessarily provide that result, as occurred in region 2 of the inferior hemifield.
The high variability of normal human ONH morphology and the intertest variability of SAP limit the generalization of a structure-function map. Other limitations of the study are that RNFL thickness measured with the OCT mainly contained the axons of the retinal ganglion cells, glial cells, and blood vessels. Particularly, the distribution of blood vessels in the peripapillary RNFL may have influenced interindividual measurement variation and the range of measurements. Other sources of variability in structure-function correspondence may be the position and tilt of the ONH in relation to the fovea, 28 and must be taken into account in clinical practice.
The mild to moderate correlations observed between the VF regions and the RNFL thickness measurements obtained The data and methods are as described in Table 2 . with the OCT in glaucomatous optic discs indicate a reasonable level of agreement in measuring different aspects of the same disease. In our analysis, we were forced to use the data as they were provided by the currently available techniques. On the one hand, Humphrey perimetry tests visual field points on a grid that is not arranged according to the anatomy of the nerve fiber bundle paths. On the other hand, peripapillary RNFL thickness measured with OCT is divided into 12 equal sectors independent of the anatomic distribution of the RNFL bundles around the optic disc. This fact and the anatomic differences between individuals contribute to the difficulties in developing structure-function relationship studies with the present technology. The suggested map shows the expected association between ONH locations and portions of the retina represented in the typical person, provides evidence of previously proposed hypothetical maps, and may help to elucidate 
IOVS,
Structure-Function Relationship in Glaucoma 3023
the concordance between the structural and functional findings in patients with glaucoma.
